Purpose Using a rabbit model, we assessed the influence of sperm DNA longevity on female reproductive outcomes. Methods Semen was collected from 40 bucks, incubated at 38°C for 24 h, and the rate of sperm DNA fragmentation (rSDF) was determined using the sperm chromatin dispersion assay. Males were allocated into high rSDF (>0.5 units of increase per hour) or low rSDF (<0.5 units of increase per hour) groups. High and low rSDF semen samples were sequentially artificially inseminated into the same doe to reduce female factor variability, and pregnancy outcomes were recorded. Results While there was no difference in SDFs between rSDF groups immediately after collection (T0), differences were significant after 2 h of incubation; SDFs determined at collection and rSDF behaved as independent characters (Pearson correlation = 0.099; P = 0.542). Following artificial insemination, the rate of stillborn pups was significantly higher in does inseminated by males with a high rSDF (14/ 21) compared to those with low rSDF (15/6); (contingency χ 2 5.19; p = 0.022). The risk of stillborn when low rSDF rabbits were used for insemination was 0.16, but increased to 0.36 when high rSDF animals were used (odds ratio = 2.85; 95 % confidence interval = 1.4-2.7). Conclusion(s) Dynamic assessment of SDF coupled with natural multiple ovulation, high fecundity of the rabbit and control over female factor influence, provided a useful experimental model to demonstrate the adverse effect of reduced sperm DNA longevity on reproductive outcome.
Introduction
Sperm DNA fragmentation (SDF) as a predictive index of human reproductive outcome is highly controversial [1] . SDF is usually assessed as a static or single value determined following ejaculation and then correlated with embryonic development or pregnancy [2] [3] [4] . We propose that this controversy is an unintended consequence of several issues. The first issue may be the fact that a proportion of the damaged sperm DNA may not necessarily be apparent immediately after collection but remains Bcryptic.^For example, human sperm exposed to a range of damaging agents will only show an increase in DNA fragmentation once incubated under in vitro conditions [5] . The second issue is possibly associated with the lack of standardized technical processing conditions Capsule Sequential artificial insemination of the same naturally multiovulating female makes the rabbit a useful model for investigating the effect of sperm DNA longevity on reproductive outcome. Decreased sperm DNA longevity resulted in a diminished proportion of live offspring per pregnancy and an increased number of stillborn kittens.
of sperm that could give a false indication of the true SDF value [6] .
It is reasonable to assume that the most resistant gamete to iatrogenic damage should also be the one with a better chance of obtaining a positive reproductive outcome. Hence, SDF measured immediately after ejaculation may not be as informative of DNA integrity as to when the sperm is Bchallenged^over time by means of incubation. We suggest that it is possible to partially mimic the conditions in the female reproductive tract by conducting a dynamic assessment of DNA damage, overtime, and representing it as a rate of DNA fragmentation (rSDF); the loss of DNA integrity during incubation is not only time, temperature and species dependent, it is also associated with the sperm protamine composition of the individual or species in question [7] [8] [9] .
Humans are a monotocous species, so females typically produce and release only one oocyte and the pregnancy either fails or succeeds. Although ART procedures allow the recovery of several oocytes, the implanted embryos are also usually limited to one or two, limiting the ability to effectively evaluate the influence of sperm DNA stability on reproductive outcome. Moreover, oocyte quality may vary substantially between females making it a somewhat unavoidable but confounding influence when investigating the effect of sperm DNA quality on reproductive outcome. Polytocous species on the other hand, produce and release multiple oocytes such that the probability of detecting embryonic failure is increased. The rabbit is well known for its high fecundity, so it may be possible to obtain a higher resolution as regards the quality of the pregnancy in this polytocous species.
The probability of detecting SDF-associated embryonic failure can be further increased in the reproductive model, if female factors are reduced by using biologically similar oocytes and if it is possible to select semen samples that are known to exhibit a high rate of dynamic DNA damage and compare this directly to males with low or moderate rates of sperm DNA damage. Consequently, to confidently evaluate the influence of sperm DNA stability on reproductive outcome, a rabbit model may prove useful. The current study extends our initial validation experiments of rabbit sperm DNA fragmentation dynamics [10] , categorising the sperm DNA longevity into a high and low rate of fragmentation and then exploring the fertility of the sample via artificial insemination of the same females on reproductive outcome. Our underlying hypothesis was that samples from bucks presenting a high rSDF are likely to produce a lower number of live kittens than those from individuals where in vitro DNA longevity is high.
Materials and methods

Animals, semen collection and artificial insemination
This study used HYLA commercial breed rabbits (Oryctolagus cuniculus) selected from a population resident in a commercial Spanish rabbit-breeding centre. The semen samples were collected as part of normal commercial operations of TARLAP REPRODUCCIÓ (Vila-Rodona, Tarragona, Spain), so no specific animal ethics approval was required. Hence, rabbit sperm DNA fragmentation and fertility data reported in this study were obtained retrospectively as a result of the standard quality control procedures within TARLAP REPRODUCCIÓ commercial operations and not from a purposely designed experiment. Methods to obtain semen from rabbits were performed in accordance with ethical standards and operational protocols of the commercial rabbit artificial insemination company TARLAP REPRODUCCIÓ (Vila-Rodona, Tarragona, Spain). Initially, semen samples were obtained using an artificial vagina (Amantea; IMV, Technologies, France) from 68 sexually mature males during the peak of the breeding season in spring. All sperm samples included in this study were selected after evaluating for a minimum level of sperm quality [11, 12] for ejaculate volume (>0.7 mL), sperm concentration (>250 × 10 6 sperm mL
) and sperm motility (total motility >60 % and progressive motility >50 %); ejaculates not up to this minimum standard were not considered for insemination.
Experiment design
From the 68 bucks initially selected as proven breeders, 40 sexually mature males with a satisfactory seminogram were selected for further study according to their respective rSDF. To determine the sperm DNA dynamics of these ejaculates, freshly collected semen samples (E1) were stored at 38°C for a period of 24 h in RPMI Media 1640 (Life Technologies; Carlsbad, California, US) at a sperm concentration of approximately 10 × 10 6 sperm mL
. SDF was assessed using the sperm chromatin dispersion test following incubation for 0, 2, 7 and 24 h. Semen samples from these 68 bucks were then examined for the incidence of sperm DNA fragmentation, and two groups of animals showing high (n = 20) or low rSDF (n = 20) were arbitrarily created. Those males with a high rate of SDF (H-rSDF) showed an increase of >0.5 units per hour during a period of sperm incubation of 24 h at 38°C, while those with a low rate of SDF (L-rSDF) displayed an increase of <0.5 units per hour under the same conditions. Immediately prior to artificial insemination, semen was once again collected (E2) from the designated L-rSDF (2 days after E1) or HrSDF (approximately 2 months after E1) bucks and the ejaculates were re-evaluated for consistency of SDF over a 24-h incubation period at 38°C. In the first phase of the artificial insemination experiment, L-rSDF males were analyzed for sperm DNA longevity and used for insemination purposes using 20 proven fertile females. Once these parturient females had given birth and passed through puerperium, the second phase of the experiment was conducted in which the same females were inseminated with semen from H-rSDF males; this aspect of the experimental design helped to reduce the influence of female factor. Following artificial insemination, the reproductive outcomes of does inseminated with either L-rSDF or HrSDF in two separate AI trials were assessed in terms of their pregnancy rate and the number of live and stillborn kittens delivered. Pregnancy diagnosis was performed by means of abdominal palpation 12 to 15 days following artificial insemination.
The Halomax assay
The degree of DNA damage in each sample was quantified using a commercial version of the sperm chromatin dispersion test (Halomax, Halotech SL Madrid, Spain) validated for rabbit spermatozoa by Gosálvez et al. [10] . Given that the sperm concentration was relatively high (150 to 500 × 10 6 mL
), all semen samples were adjusted to a concentration of 10 × 10 6 mL −1 using RPMI Media 1640 (Life Technologies;
Carlsbad, California, US). A volume of 25 μL of diluted sample was added to a vial containing low melting point agarose at 38°C and gently mixed. The agarose-sperm mixture (10 μL) was then prepared on pre-treated slides provided in the kit and covered with a glass coverslip. After gently pressing on the coverslip, each slide was placed in a refrigerator (4°C) for 5 min to produce a microgel; once formed, the coverslip was removed from the microgel and the slide placed horizontally in 10 mL of the lysing solution provided in the kit for 5 min to achieve the controlled protein depletion. The treated microgel containing partially deproteinized sperm and was then subsequently washed in dH 2 O for 5 min and dehydrated in a series of ethanol baths (70, 90 and 100 %). Once dehydrated, sperm were stained with the DNA binding fluorochrome DAPI (D9542 Sigma-Aldrich; St. Louis, MO, USA) using a stock prepared at 10 % and diluted 1:10 with an anti-fading solution at the time of analysis under the microscope. Discrimination between fragmented and non-fragmented sperm DNA is very obvious after visualization of two or three different microscope fields (Fig. 1b, c ). Not only was it possible to clearly characterize damaged DNA by the diameter of the halo (image analysis is not necessary), but there were also marked differences in the texture of the dispersed chromatin forming the halo. While halos of spermatozoa with damaged DNA were Bspotty^and disorganized, spermatozoa without DNA fragmentation only possessed a small halo that was compact and homogenous (Fig. 1b, c) . 
Results
General parameters for SDF Rabbit sperm exposed to the SCD test and which are representative of a low and high level of SDF are shown in , respectively. These means were statistically different (P < 0.001) since these groups were arbitrarily created by pre-allocating a cut-off value for rSDF of 0.5 units of increase in the rSDF per hour. Despite a clear difference in rSDF, L-rSDF and H-rSDF buck semen could not be separated statistically based on their respective mean initial SDF values (T0h: L-rSDF: 8.8 %; SD = 4.14; H-rSDF: 14.38 %; SD = 14.38; Mann-Whitney U test 178; P = 0.565). Immediately prior to insemination, semen from each group of bucks was again collected and evaluated for SDF dynamics over another 24-h incubation period in order to ensure a degree of consistency in the incidence of SDF in both ejaculates. Table 1 reports the rSDF of each low and high rSDF male determined from the first ejaculate (E1) and the subsequent ejaculate used for the artificial insemination procedure (E2; data showed in Fig. 1 ). While there was no significant correlation in the rSDF between E1 and E2 ejaculates of either L-rSDF (R = 0.20; P = 0.397) or H-rSDF (R = -0.183; P = 0.440) males, there was no significant difference in the mean rSDF values of E1 and E2 ejaculates in either L-rSDF (P = 0.486) or H-rSDF (P = 0.671) males. Hence, although there was variation in the rSDF between ejaculates, all males originally allocated to L-rSDF or H-rSDF remained within their respective groups immediately prior to AI; mean values of E2 for L-rSDF and H-rSDF were also significantly different (P = 0.003). SDF at T0 and rSDF behaved as independent characters since the correlation between both variables was low (Pearson correlation = 0.099; P = 0.542).
SDF and reproductive outcome
The reproductive outcomes of does following AI with L-rSDF and H-rSDF semen are reported in Table 2 
Discussion
The primary outcome of this study was that artificial insemination of rabbits with semen from bucks exhibiting low sperm DNA longevity resulted in a lower number of live young born and a higher number of still born kittens. We suggest that this result was discernible because of three important aspects of our experimental design: (1) the characterisation of insemination donors into groups with high and low levels of sperm DNA longevity based on a dynamic assessment of SDF; (2) the polytocous highly fecund nature of the doe rabbit, which allowed us to define the efficiency of pregnancy at a much L-rSDF low rate of SDF, H-rSDF high rate of SDF, Preg successful pregnancy, AB number of alive-born kittens, SB number of stillborn kittens greater resolution than in humans and (3) the fact that the same does were sequentially inseminated with semen that displayed a low and high rSDF in order to reduce oocyte variability and the influence of female factor. The majority of human studies that have attempted to correlate SDF and pregnancy rate only use a single static value of SDF, typically obtained at some undefined time period after ejaculation [13] . In clinical practice, the evaluation of SDF can be either conducted at the time of ejaculation, immediately after sperm liquefaction or when the sperm has been selected for insemination purposes. As we now have clear evidence from a range of species that DNA integrity declines following in vitro incubation [8, 9, [14] [15] [16] , a single SDF assessment determined at random time points makes direct comparison of these data, without some form of standardization, virtually meaningless. Consequently, we advocate determination of an rSDF over a defined time period to obtain a more informed measure of the quality and longevity of the sperm chromatin and so as to allow comparison between laboratories. The results of the current study appear to support this concept, as there was no difference in the SDF values of either L-rSDF or H-rSDF when the sample was assessed immediately after ejaculation (T0h), but there were clear differences detected at 2 h and massive differences after 24 h of incubation.
Although there are clear experimental and ethical limitations when using human gametes, FIV-ICSI procedures allow the assessment of the influence of SDF at initial embryonic development. There are different investigations that point to the fact that either embryonic failure or abortion is significantly correlated with the presence of abnormal levels of sperm DNA damage [3, 17, 18] . Nevertheless, given the low fecundity of human reproduction, investigations into the possible influence of SDF in the later stages of pregnancy (e.g. still birth) are more problematic. The rabbit model allows this assessment, with clear evidence presented in this study, that shows the proportion of stillborn kittens was significantly higher following insemination with H-rSDF semen. The presence of more than one oocyte per mating increases the probability of spermatozoa with damaged DNA being able to fertilize. The high number of oocytes ovulated per individual in the doe rabbit provides the researcher with a greater opportunity to detect the effect of sperm DNA fragmentation on embryonic development since the male and the female contributions to successful pregnancy are being assessed within the same physiological environment.
In our experience, if oocyte quality can be somehow homogenised or standardised, using for example donor oocytes, then it may be more likely to elucidate a stronger relationship between high levels of baseline SDF and reduced pregnancy rate [19] . There are numerous studies that have shown that the oocyte has the capacity to repair sperm DNA damage [20] [21] [22] . Even if good quality oocytes are sourced from donors, individual variability in DNA repair of these cells will still potentially influence the expression of adverse effects on reproductive outcome associated with SDF; moreover, the restricted implantation rate in the clinic is also an investigative drawback for this purpose. In the current experiment, we attempted to reduce the influence of female factor by using the same females to sequentially inseminate selected semen samples with high and low rates of SDF. We suggest that this element of our experimental design, in combination with the dynamic assessment of SDF and the polytocous nature of the rabbit, increased the resolution for the detection of a statistically adverse effect of elevated SDF on the quality of the pregnancy that might otherwise be very difficult to demonstrate in humans. As indicated, some studies have suggested that high levels of SDF are associated with a higher incidence of miscarriage but these reports have primarily been based on observational data rather than experimental design.
Consequently, we may need to turn to animal studies to clarify this relationship between SDF and pregnancy outcome. In the fresh water fish (Tinca tinca), the rate of sperm DNA fragmentation is triggered within minutes of sperm activation [15] ; zebra fish spermatozoa also experience an equivalent loss of sperm DNA quality after sperm activation. Using the fish model, we have discovered that if a certain level of DNA damage is produced following sperm activation, SDF appears to have no adverse effect on fertilization rates or early embryonic development. However, when embryos reach a developmental stage of approximately 1000 cells, a significant decline in embryo viability was detected [23] ; similar observations have also been reported in rainbow trout by Pérez-Cerezales et al. [24] . Again in trout, Devaux et al. [25] found a positive correlation between the level of sperm DNA damage and the incidence of skeletal abnormalities in the progeny; this morphological alteration resulted in an increased mortality rate of up to three times higher than when spermatozoa of low DNA damage was used. While there is less evidence in mammalian species, studies of mice ICSI have shown that sperm with a high level of SDF resulted in a proportion of offspring performing abnormally in behavioural tests and displaying malformations, tumours and premature aging [26] .
In our experimental model, it appears that SDF may be specifically contributing to a diminished number of offspring per pregnancy and an increased number of stillborn kittens. It is likely that sperm samples with lower DNA longevity undergo DNA fragmentation more rapidly after insemination and progression within the female reproductive tract, so that a higher proportion of sperm with fragmented DNA would be found in the oviduct; even so, these spermatozoa are still potentially motile and able to fertilize the oocyte. After fertilization, fragmented DNA of the pronucleus may not be totally repairable in amount and/or fidelity; in fact, the main doublestrand DNA break repair pathway (the non-homologous end joining (NHEJ)), may be error-prone leading to chromosome aberrations [21] . In addition, massive single-stranded DNA breaks also increase the possibility of unrepair or misrepair. These conditions are likely to disrupt initial developmental stages of the embryo, thus explaining the observed decreased number of offspring in the current study.
Our experimental model focuses on the effect of increased SDF as a consequence of decreased DNA longevity on the final outcome of pregnancy or the embryos which were able to develop to term. Under this scenario, we are exploring presumed DNA damage that did not necessarily prevent embryonic development but rather resulted to stillbirth. This may present as subtle rather than major DNA fragmentation. Despite a high rate of SDF, apparent normal kittens in the current study were born mixed with stillborns, suggesting at least in these neonates, fertilization was by normal sperm or sperm that were apparently repaired. Moreover, this damage could interfere with the epigenetic control of gene expression during embryo or early adult developmental stages. The epigenetic implications of a failure of sperm DNA repair after fertilization is an argument that has been used to explain embryonic loss and congenital abnormality; it is likely that humans are also not exempt from the similar phenomena [27] [28] [29] . It is possible that a larger sample size of experimental animals may have also revealed an adverse effect of high r-SDF on pregnancy rate so that future studies should employ the use of ultrasonography to more precisely determine early pregnancy status; both these limiting factors were not possible to control under the constraints of the rabbit breeding centre's commercial operations. In addition, future experiments conducted in a laboratory setting could also incorporate further controls that better account for any confounding effect of sequential insemination; for example, the order of high and low rSDF inseminations could be balanced and/or if possible, the female inseminated twice with high and low rSDF semen from the same male.
It is reasonable to assume that sperm with a low rSDF should be more likely to have a greater chance of successful pregnancy. However, the specific situation seems more complex, as some individuals in the current study with low rSDF still failed to produce a pregnancy, while others presenting with high rSDF were capable of producing live offspring. This level of variability has justifiably been a major contributor to the scepticism of some andrologists as regards the benefit of SDF as a predictor of reproductive outcome, but as we have demonstrated in this study, some of the Bnoise^of this relationship can be reduced if the experimental design used to investigate the effect of SDF incorporates (1) a dynamic assessment of SDF, (2) a greater proportion and probability of sperm with damaged DNA fertilizing the oocyte (polytocous versus monotocous species) and (3) control over the female contribution to reproductive outcome or the oocyte's capacity for DNA repair and the capacity to maintain pregnancy.
